The generation of protective immunity by various stages in the life-cycle of Strongyloides ratti and the phases against which resistance is directed has been examined in murine strongyloidiasis. Mice were exposed to natural, complete infections, were treated with thiabendazole (which largely resembles the natural infection), were treated with cambendazole (which restricts infection to the larval stage), or infected directly by oral transfer of adult worms. Mice that were infected with infective larvae alone did not become resistant to infective larvae or the complete infection but were resistant to adult worms implanted directly into the gut. Mice exposed to adult worms alone were resistant to natural infections and adults worms implanted directly but were not resistant to infective larvae. On the other hand, mice that had received prior natural infections showed evidence of resistance to infective larvae, adult worms, and natural, complete infections. It is concluded that there is immunological cross-reactivity between infective larvae and adult worms but that under certain circumstances the infective larvae are able to evade the host's protective immune response.
INTRODUCTION
Half a century ago, SHELDON (1937) showed that infection of rats with Strongyloides ratti generated resistance to a subsequent infection. He found that there was an accelerated expulsion of adult worms from the gut in previouslyexposed animals and that this resistance was mediated immunologically. In recent years, attention has been directed particularly to an assessment of which stage or stages in the life-cycle of the parasite induce resistance and against which phases this resistance is directed. A number of studies in rats have suggested that there is a dissociation of protective immunity into systemic and intestinal components (BELL et al., 1981; CHAIA & MURTA, 1967; CONDER & WILLIAMS, 1983; KORENAGA et al., 1983a, b; MURRELL, 1980) . Mice are not the normal hosts of 5. ratti but certain inbred strains support development of the parasite and provide an easy and economical model for examining the host-parasite relationship. We have investigated whether a similar dissociation of protective immunity occurs in this system.
Mice were given one of four types of initial infection-natural, complete infections, infection treated with thiabendazole (which largely resembles natural infection), infection treated with cambendazole (which restricts infection to the infective larval stage), and direct infection with adult worms by oral transfer. We then compared the resistance that was generated in these mice against infective larvae, against adult worms in isolation, and against natural, complete infections. The findings are discussed in relation to immunological responses that we have observed in such infections and which have been reported elsewhere.
MATERIALS AND METHODS

Animals
Female C57B1/6 mice, 18-20 g in weight, and female Sprague-Dawley rats, 150-200 g in weight, were obtained from the Animal Resource Centre, Murdoch, Western Australia. The life-cycle was maintained in rats and the experiments were performed in mice.
Parasite
A homogonic strain of 5. ratti was originally obtained from Dr. P. A. G. Wilson (Edinburgh, United Kingdom), and has been maintained for the past 10 years in rats.
Techniques
The techniques for preparation of larvae, percutaneous infection of mice with infective larvae and estimation of the numbers of adult worms in the intestines and eggs in the faeces have been described previously (DAWKINS et al., 1980; DAWKINS & GROVE, 1981) . The method of oral transfer of adult worms has been described elsewhere (GROVE & NORTHERN, 1987) . The number of adult worms recovered from the intestines of rats varied from time to time and restricted the number that were available for transfer in some experiments.
Anthelmintics
Thiabendazole and cambendazole were supplied by Merck, Sharpe and Dohme (Aust.) Pty. Ltd. (South Granville, New South Wales). Cambendazole solution or a suspension of crushed thiabendazole tablets was administered in 0-2 ml volume by intra-oesophageal intubation with a blunt 16 gauge needle (GROVE, 1982) .
Statistics
Data were compared using Student's "t" test.
RESULTS
Exposure to infective larvae only
Effects on the development of resistance to the complete infection. Twenty four mice were divided into four groups of six mice. One group was infected with 1000 infective larvae p.c. The second group was infected with the same number of larvae but was also treated with thiabendazole 1 mg daily on days 1-3 post-infection (p.i.), beginning 2 hours after infection. The third group was identical except that cambendazole in the same dosage was substituted for thiabendazole. The fourth group was left uninfected. Faecal egg excretion in the first three groups was assessed 6 days later. This confirmed the development of a patent infection in the primary control mice, indicated a 98-7% reduction in egg excretion in mice treated with thiabendazole, and demonstrated complete inhibition of egg excretion in mice treated with cambendazole (Table I) . Four weeks afterwards, the four groups of mice were challenged with 2500 infective larvae p.c. Faecal egg excretion and intestinal worm burdens 6 days later are shown in Table I . Mice given a secondary infection demonstrated the acquisition of a marked resistance to infection when compared with mice given a primary infection only. A similar degree of resistance was seen in mice treated with thiabendazole during the primary infection then challenged. On the other hand, mice treated with cambendazole during the primary infection did not develop a significant degree of resistance to reinfection.
The experiment was repeated and similar results were obtained. Effects on the development of resistance to migrating larvae. Thirty two mice were divided into the same four groups of eight mice as in the previous experiment then infected with 1000 infective larvae p.c. Faecal egg excretions 6 days later are shown in Table II ; there was a greater than 99% reduction in egg excretion in mice treated with thiabendazole and a complete inhibition of egg excretion in mice treated with cambendazole. Three weeks later, the four groups of mice were infected with 3000 infective larvae p.c. then the numbers of larvae in the lungs were counted 2 days later. The results are shown in Table II . There was a marked reduction in the numbers of larvae recovered from the lungs of mice given a secondary infection when compared with those mice given a primary infection. Likewise, there was a significant reduction in the numbers of lung larvae in mice that had been given thiabendazole during the primary infection although this diminution was less than the decrease seen in untreated control mice given a secondary infection. On the other hand, no significant development of resistance as indicated by the numbers of lung larvae was seen in mice that had been given cambendazole during the primary infection.
Effects on the development of resistance to intestinal adult worms. Thirty two mice were divided into the same four groups of eight mice as in the previous experiments then infected with 1000 infective larvae p.c. Faecal egg excretions 6 days later are shown in Table III ; there was a 94% reduction in egg excretion in mice treated with thiabendazole and complete inhibition of egg excretion in mice treated with cambendazole. Three weeks later, the four groups of mice were infected with 250 adult worms given orally. Faecal egg excretion and intestinal worm burdens 2 days later are shown in Table III . Mice given a secondary infection demonstrated the acquisition of a marked degree of resistance to infection compared with animals given a primary infection only. A similar degree of resistance was seen in mice treated with either thiabendazole or cambendazole during the primary infection.
The experiment was repeated twice and similar results were obtained.
Exposure to adult worms only
Effects on the development of resistance to the complete infection. Twenty four mice were divided into three groups of eight mice. The first group was given 200 adult worms orally and the second group was infected with 1000 infective larvae p.c. The faecal egg counts 2 days later for the first group and 6 days later for the second group are indicated in Table IV . Three weeks later, these mice together with eight control mice were challenged with 2500 infective larvae percutaneously. Faecal egg counts and intestinal adult worm burdens 6 days later are shown in Table IV . Both mice with natural infections and those exposed to adult worms alone had a profound resistance to challenge with marked reductions in both faecal egg counts and adult worm numbers. The resistance of mice exposed to infective larvae which developed into adult worms was marginally greater than that which developed in mice exposed to adult worms only, but this difference was not statistically significant. Effects on the development of resistance to migrating larvae. Eight mice were infected orally with 500 adult worms. Examination of the faeces 3 days later revealed a mean of 8100±7300 eggs per gram of faeces. Three weeks later, these mice together with eight control mice were challenged with 3000 infective larvae percutaneously. The numbers of larvae in the lungs were counted 2 days later. There were no significant differences in the worm burdens between the two groups of mice, there being 90±33 and 96±28 larvae per pair of lungs for the pre-exposed and control mice, respectively.
Effects on the development of resistance to intestinal adult worms. Eighteen mice were divided into three groups of six mice. The first group was infected with 1000 infective larvae p.c. The second group was infected with 250 adult worms orally. The faecal egg counts 2 and 6 days later, respectively, are shown in Table V . Three weeks later, these mice and six control mice were infected with 100 adult worms orally. Three days later, the faecal egg counts and adult worm numbers were quantified (Table V) . Exposure to either the complete infection or to adult worms alone generated marked resistance to the intestinal phase of infection.
DISCUSSION
An analysis of the different immunizing effects of adult worms in the gut and of larvae migrating through the tissues requires an ability to expose animals to limited infections. Infection restricted to adult worms in the gut was achieved by administration of adult worms via intra-oesophageal intubation (GROVE & NORTHERN, 1987) . BELL et al. (1981) used treatment with thiabendazole to restrict infection of rats to systemically migrating infective larvae. We have observed, however, that thiabendazole does not kill 5. ratti migrating larvae, prevent their maturation into adult worms, or expel them from the gut in mice but markedly suppresses their fecundity (GROVE, 1982) . Likewise, thiabendazole has no effect on larvae migrating through the tissues of dogs infected with S. stercoralis . Since cambendazole does prevent maturation of infective larvae of both 5. ratti (GROVE, 1982; GROVE & NORTHERN, 1986 ) and 5. stercoralis , we examined the effects of treatment with both of these agents on the development of protective immunity. Treatment with cambendazole on the first day after infection allows sufficient exposure to generate immunity as indicated by serological studies NORTHERN et al., 1989) and by the generation of resistance to adult worms-if administration had been left to 2 to 3 days after infection, some parasites would have reached the gut (GROVE, 1982) thus invalidating the experiment. Likewise, administration of heat-killed larvae would not have completely simulated natural infection with living larvae producing excretory/secretory antigens. As was anticipated on the basis of the above observations, no significant differences were seen between the effects induced by untreated, natural infections and infections treated with thiabendazole. On the other hand, marked differences were seen in mice treated with cambendazole.
The experiments reported here, although simple in design, are difficult to keep in perspective. The effects of exposure to various stages of the parasite on the induction of resistance to these stages of the worm are therefore summarized in Table VI . Initial exposure to 5. ratti in these experiments fell into three categories-those exposed to infective larvae alone, those that received adult worms alone, and those that experienced the complete, natural infection from the infective larval stage through to the adult worm stage.
Mice that were exposed to infective larvae alone (treated with cambendazole), adult worms alone (oral transfer) or all stages of the infection (no treatment or treated with thiabendazole), were all able to generate resistance to adult worms. Interpretation of these results is relatively straightforward and indicates the existence of significant cross-reactivity between antigens of infective larvae and those of adult worms. The relevant antigens are most likely to be found either on the surface of the worms or in their excretory/secretory products. Nevertheless, there is a dichotomy between these results and the pattern of specific humoral antibodies found in these three types of infection. Western blot analysis of serum from such infected animals reveals that in mice treated with cambendazole, antibodies are directed against both larval and adult worm excretory/secretory antigens but only against larval and not adult worm somatic antigens. This latter effect may be a consequence of larval destruction by cambendazole with exposure to internal somatic antigens. In contrast, mice exposed to adult worms only failed to react to any larval or adult worm antigens . This is perhaps not altogether surprising since adult worms live in tunnels in the small bowel epithelium external to the basement lamina (DAWKINS et al., 1983) and may thus have less opportunity for stimulating humoral immunity. Similarly, when the surfaces of parasites were radiolabelled and antigens immunoprecipitated, it was apparent that adult worms resident in the gut failed to generate humoral immune responses directed against any surface antigens whereas infective larvae in the tissues stimulated the production of antibodies against a number of surface antigens of infective larvae but not adult worms (NORTHERN & GROVE, 1989) . Nevertheless, since resistance does develop, other effector mechanisms including local antibody production, cell-mediated immunity and nonspecific cellular responses must be involved and need to be examined.
While exposure to infective larvae alone generates resistance to adult worms, exposure to this stage of the parasite does not induce resistance to migrating larvae themselves for there was no diminution in the numbers of such larvae in the lungs. The numbers of larvae measured in the lungs are small since only those actually in transit through the lungs at the time of necropsy will be found. Moreover, it is also possible that some larvae migrate through other routes. Neither of these points invalidate the usefulness of lung larvae as a marker of differences between various groups of mice. Furthermore, exposure to adult worms did not stimulate resistance to infective larvae. This is despite the fact, as discussed above, that (1) cambendazole-treated mice generate humoral antibodies against infective larvae as assessed by Western blot analysis and immunoprecipitation after surface radiolabelling and (2) there is immunological cross-reactivity between the two stages of the parasite as evidenced by infective larvae generating resistance to adult worms. Consequently, it appears that infective larvae, under these conditions, are capable of evading the host's immune response. The mechanism of this evasion is quite unclear.
Given these two sets of observations, one might reasonably predict that (1) exposure to infective larvae alone would inhibit natural infections (i.e. passage from the infective larval stage to the adult worm stage) as assessed by measurement of intestinal worm numbers and (2) exposure to natural infections would not generate resistance to infective larvae as reflected by worm recovery from the lungs. In fact, the reverse happens (Table VI) . Clearly, events occur between the migrating filariform stage and the intestinal adult worm stage which have two effects. First, the ability of infective larvae to induce resistance to adult worms is suppressed. Secondly, prior exposure of the host to this stage of the parasite's lifecycle abrogates the ability of infective larvae to evade the immune response. Again, the mechanisms underlying these phenomena are obscure. Conceivably, substances released during moulting, for example, could be responsible for these effects. Some support for the reality of this phenomenon is provided by the observations of JENKINS & PHILLIPSON (1970 PHILLIPSON ( , 1972 who showed that repeated trickle infections of rats with Nippostrongylus brasiliensis inhibited the development of protective immunity and permitted the building up of worm numbers. An alternative explanation is that cambendazole modified the antigenic nature of infective larvae such that they were not recognized on the subsequent challenge natural infection. This seems somewhat unlikely, however, as cambendazole-treated mice were resistant to challenge with isolated adult worms. Further studies of immunological events during this critical period of the parasitic life-cycle would be most worthwhile.
In this paper we have used a biological assay of resistance to reinfection to assess both the induction of immune responses by different stages of the life-cycle of S. ratti in mice and the effects of these responses against those stages. We have shown that there is a complex stage-specific dissociation of responsiveness. Parallel studies have also demonstrated a dissociation in humoral immune responses but these in themselves are not sufficient to explain the variations in resistance that develop. Further investigations of other aspects of the host defences are required in order to dissect the mechanisms involved and the manner in which they are brought to pass.
It needs to be remembered that the rat and not the mouse is the natural host of 5. ratti. Consequently, it need not necessarily be anticipated that the two hosts will respond in the same manner to infection with this worm. It is known that different inbred strains of mice vary markedly in their susceptibility to infection with 5. ratti. Some are innately resistant to infection. Others, such as the C57B1/6 mice used in this study, are relatively susceptible but behave differently to rats in the kinetics of infection in that primary infections are of shorter duration (DAWKINS et al., 1980) . The 5. rattr/mouse system seems in some respects to be intermediate between natural immunity and specific, acquired immunity. Consequently, it may prove to be a valuable tool for investigating mechanisms of natural immunity and its interface with classical, acquired immunity to this infection.
